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AN  APPLICATION  OF  INERTIAL  SURVEYING  FOR  THE  COAST  GUARD 


I.  Introduction 


As  marine  traffic  densities  In  our  harbors  and  coastal  waters 
Increase  both  in  numbers  and  tonnage,  the  Coast  Guard  has  become  more 
sensitive  to  the  overall  status  and  adequacy  of  Its  aids  to  navigation 
system.  To  provide  the  best  service  possible  to  the  modern  day  mariner, 
materials  and  techniques  which  were  once  sufficient  for  smaller,  slower 
moving  traffic  must  now  be  Improved.  One  particular  area  that  has  at 
times  painfully  come  to  the  service's  attention  is  the  accuracy  and  pre¬ 
cision  to  which  visual  aids  to  navigation  are  placed  and  have  their  posi¬ 
tions  reported.  Evidence  is  available  to  suggest  that  improvements  in 
the  current  methods  of  aid  position  reporting  are  necessary  to  both  en¬ 
hance  information  control  of  the  system  and  improve  the  precision  of 
navigation  in  general.  As  a  result,  there  are  now  ongoing  efforts  by  the 
operational  Coast  Guard  to  improve  current  positioning  techniques  and  by 
research  and  development  (R&D)  to  evaluate  new  technologies  that  show 
promise  of  assisting  this  endeavor. 

Over  90%  of  Coast  Guard  floating  aids  are  placed  using  resection 
techniques,  that  is,  defining  lines  of  position  by  measuring  the  horizon¬ 
tal  angles  between  pairs  of  objects  with  known  positions.  Obviously,  the 
accuracy  of  the  known  positions  is  critical  to  the  resultant  accuracy  of 
the  floating  aids.  Historically,  buoy  tender  personnel  have  used  objects 
whose  positions  appear  on  nautical  charts  and  then  determined  the  LOPs 
graphically  with  a  three  arm  protractor.  Modern  methods  employ  analytic 
techniques  that  compute  the  value  of  the  angles  given  only  the  geographic 
positions  of  the  objects  and  observer.  Such  a  scheme  permits  selection 
from  many  more  objects  that  those  charted,  a  necessary  prerequisite  to 
permit  selection  of  LOPs  with  good  crossing  angles.  Since  a  great  many 
of  the  objects  whose  use  is  desirable  are  not  certified  to  third  order 
surveying  standards  (considered  essential  for  obtaining  good  positions) 
in  published  horizontal  control  data,  it  becomes  desirable  to  survey 
objects  for  aid  positioning  alone.  In  addition,  the  Coast  Guard  desires 
to  determine  the  positions  of  as  many  of  its  fixed  aids  to  navigation  as 
possible  to  third  order  standards,  both  for  the  purposes  of  accurate 
reporting  to  the  public  and  for  similar  use  in  placement  of  floating 
aids.  Both  of  these  tasks  will  require  a  tremendous  amount  of  surveying. 

The  Coast  Guard,  however,  lacks  resident  surveying  expertise  and  must 
seek  alternative  means  to  conduct  these  surveys.  While  development  of 
In-house  talent  Is  being  considered,  such  a  course  of  action  will  be  very 
expensive.  In  both  money  and  manpower,  and  would  therefore  be  pursued 
only  In  the  event  other  options  could  not  provide  a  solution  to  the 
needs.  The  advantages  of  resident  talent  include  quick  response,  good 
control  over  surveying  operations  and  prompt  reporting  of  the  results. 
Other  means  to  perform  the  surveying  would  be  to  contract  commercial 
firms  or  utilize  the  services  of  the  National  Ocean  Survey  (NOS)  whenever 
their  schedule  permits.  Unfortunately,  commercial  surveying  is  relative¬ 
ly  expensive  and  one  always  assumes  a  risk  of  less  than  satisfactory 


results,  especially  when  unfamiliar  with  the  professional  capability  of 
the  surveyor;  Government  surveyors  may  be  utilized  in  lieu  of  commercial, 
but  the  survey  may  not  be  accomplished  as  quickly  as  desired.  In  short, 
it  appears  difficult  to  obtain  the  advantages  of  resident  talent  without 
some  compromise. 

Investigations  by  Coast  Guard  R&D  have  disclosed  a  new  and  exciting 
application  of  Inertial  navigation  technology  for  surveying  that  has 
potential  utility  for  Coast  Guard  requirements.  Inertial  navigation,  as 
it  is  applied  in  aircraft  equipment,  is  based  upon  frequent  sampling  of 
the  output  of  horizontally  mounted  accelerometers  to  obtain  the  distance 
moved.  Accelerometer  platforms  are  stabilized  with  vertical  seeking 
gyros  so  that  distances  are  accumulated  in  the  north-south  and  east-west 
directions  only.  Extension  of  this  equipment  to  surveying  requires  more 
precise  computation  and  more  frequent  updating  to  minimize  error  accumu¬ 
lation,  but  the  principle  is  exactly  the  same.  The  resulting  hardware, 
termed  an  inertial  surveying  system  (ISS),  can  perform  a  survey  task 
automatically,  thereby  minimizing  the  opportunity  for  human  error  to 
affect  the  results.  The  system  is  normally  mounted  in  a  vehicle  (land 
based  or  helicopter)  and  transported  to  the  locations  to  be  surveyed. 
Using  known  endpoints,  e.g.,  geodetic  control  stations,  and  appropriate 
procedures,  any  number  of  new  stations  may  be  surveyed  in  between.  Third 
order  accuracies  or  better  appear  achievable  under  most  modes  of  opera¬ 
tion.  The  speed  at  which  a  survey  can  take  place  is  limited  only  by  the 
speed  of  the  host  vehicle.  Due  to  the  advantages  of  such  a  system,  in¬ 
cluding  the  tremendous  distances  and  number  of  stations  which  may  be 
covered  while  employing  just  a  few  operators,  the  ISS  is  being  actively 
pursued  by  the  community  of  surveyors,  including  NOS.  Though  these  ad¬ 
vantages  are  partially  offset  by  the  requirement  for  a  competent  survey 
party  chief  of  considerable  expertise,  minimizing  the  traditional  heavy 
reliance  on  numerous  survey  party  members  is  a  distinct  advantage  for  a 
Coast  Guard  that  lacks  type  of  manpower.  Technically,  the  system  is  a 
known  quantity;  its  capabilities  and  limitations  well  documented.  It  has 
not,  however,  received  any  use  in  an  over  the  water  survey  so  the  success 
of  such  an  application  was  uncertain.  Since  any  potential  utility  in  the 
Coast  Guard  would  require  this  type  of  operation,  it  became  desirable  to 
test  deploy  It  operationally. 

This  concept  of  airborne  inert'al  surveying  was  thus  demonstrated  in 
Tampa  Bay,  Florida,  in  determining  the  positions  of  several  fixed  range 
markers.  Coast  Guard  R&D,  In  conjunction  with  the  National  Geodetic  Sur¬ 
vey  (NGS)  of  NOS  arranged  and  conducted  the  system’s  deployment,  and  pre¬ 
pared  this  report  which  Includes  an  analysis  of  the  prospective  use  of 
the  system  for  Coast  Guard  needs. 
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II.  Background 


The  Idea  of  applying  inertial  navigation  technology  to  surveying  is 
not  new.  Preliminary  attempts  in  the  1960 's  met  with  limited  success  due 
primarily  to  the  inability  of  the  computing  equipment  associated  with  the 
inertial  navigation  hardware  to  withstand  shock  and  vibration  during  use 
(1).  Precursor  to  the  present  day  inertial  survey  systems  was  a  Postion- 
ing  and  Azimuth  Determining  System  (PADS)  developed  by  Litton  and  the 
U.  S.  Army  Engineer  Topographic  Laboratories  between  1965  and  1972.  This 
included  the  installation  of  a  vertically  mounted  accelerometer  in  the 
basic  inertial  hardware,  making  elevation  measurements  possible.  This 
first  successful  development  provided  position  and  elevation  accuracies 
to  within  20  and  10  meters,  respectively.  Additionally,  its  ability  to 
be  used  during  day  or  night,  in  any  weather  plus  rapid  transit  over  long 
distances  made  it  immediately  unique  among  all  other  positioning  systems. 

Subsequent  modifications  included  a  post  mission  smoothing  program, 
installation  of  a  more  sensitive  vertical  accelerometer  and  additional 
modifications  in  the  Kalman  filters.  Accuracies  improved  to  better  than 
five  and  two  meters  for  position  and  elevation,  respectively  (1).  This 
equipment  then  became  the  basis  for  the  present  Litton  Auto -Surveyor.™ 

Since  1975,  Canadian  surveyors  have  increasingly  turned  to  inertial 
systems  to  conduct  their  survey  work.  After  gaining  some  experience  in 
its  deployment,  they  quickly  realized  its  tremendous  advantages  for  rapid 
long  range  surveying  and  opted  to  purchase  a  system  of  their  own.  Some 
excellent  articles  describing  their  operational  and  experimental  use  of 
the  equipment  appear  in  papers  by  Carriere,  Beattie  and  Babbage  (2,3,4). 

Besides  the  U.S.  Army,  the  ISS  has  now  sparked  interest  among  commer¬ 
cial  concerns  and  the  National  Ocean  Survey  (NOS).  The  first  major  sur¬ 
veying  task  undertaken  by  NOS  using  the  system  was  a  300  mile  traverse 
along  the  coast  of  Louisiana,  setting  stations  for  later  use  in  offshore 
hydrographic  work.  The  ISS  at  this  time  appears  to  be  capable  of  second- 
order  horizonal  control  closures  as  specified  in  the  FGCC  "Classification 
Standards  of  Accuracy,  and  General  Specifications  of  Geodetic  Control 
Surveys".  Appropriate  procedures  to  follow  to  achieve  this  are  currently 
under  development  for  official  dissemination. 

Previous  Coast  Guard  testing  of  the  ISS  was  performed  by  the  R&D  Cen¬ 
ter  in  Casa  Grande,  Arizona,  in  January,  1979.  At  that  time,  the  system 
was  being  considered  as  a  means  to  conduct  a  survey  of  the  Loran  C  grid 
in  certain  locations  of  the  U.  S.,  notably,  the  Chesapeake  Bay.  Long 
periods  (10  -  15  min.)  on  station  while  hovering  over  water  make  a  Loran 
C  survey  considerably  different  from  a  more  "conventional"  inertial  sur¬ 
vey  where  on  station  stops  are  as  short  as  30  seconds.  Testing  was  con¬ 
fined  to  the  determination  of  error  accumulation  over  time  and  that  re¬ 
sulting  from  significant  deviations  from  a  straight  flight  path.  No 
attempt  was  made  to  deploy  the  equipment  on  an  operational  mission  as 
subsequent  analysis  of  the  data  would  dictate  how  such  a  mission  should 
be  planned.  Details  of  this  data,  in  a  report  format,  are  available  in 
reference  (5). 


Deploying  an  ISS  for  aid  to  navigation  surveys  or  object  position 
determination  represents  a  more  conventional  use  of  the  equipment.  A 
helicopter  based  system  used  in  the  air  mode  (see  Section  V)  is  the  only 
practical  method  for  surveying  objects  since  they  are  above  ground  or 
over  water  and  may  not  be  accessible  by  land  vehicle.  Indeed,  for  appli¬ 
cations  over  large  areas,  the  helicopter  has  been  determined  to  be  the 
most  cost  effective  tool  (2).  The  aids  selected  for  survey  in  Tampa  Bay 
reside  within  150  sq.  mi.  (see  figure  1)  and  the  long  stretches  of  water 
afforded  an  ideal  environment  in  which  to  apply  the  air  mode  of  survey¬ 
ing.  A  first  check  of  the  horizontal  control  in  the  area  showed  enough 
density  of  control  that  the  whole  concept  of  surveying  in  the  area 
appeared  quite  feasible.  On  this  basis  then,  the  machinery  to  execute 
the  survey  was  set  into  motion. 
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III.  The  Deployment  in  Tampa  Bay 

Any  successful  surveying  project  requires  the  advice  and  direction  of 
a  professional  surveyor.  In  keeping  with  this  precept.  Span  Internation¬ 
al,  Inc.,  the  only  U.  S.  lessor  of  an  inertial  surveying  system,  requires 
in  their  contract  for  leasing  the  Spanmark™  ISS,  "The  User  will  pro¬ 
vide  a  qualified  surveyor  to  be  in  professional  charge  of  the  survey..." 
(Appendix  A).  Lacking  this  kind  of  talent  within  the  Coast  Guard,  it  was 
fortuitous  that  the  National  Geodetic  Survey  (NGS)  was  planning  a  mission 
of  their  own  in  the  near  time  frame.  Their  contract  with  Span  Interna¬ 
tional,  Inc.,*  provided  for  14  days  of  operation  to  conduct  a  300  mile 
traverse  along  the  Gulf  coast  of  Louisiana.  Following  an  evaluation  of 
the  survey  jobs,  it  was  plain  there  would  be  time  available  within  the  14 
days  to  perform  the  work  in  Tampa  Bay.  On  this  time  permitting  basis 
then,  NGS  included  our  work  as  part  of  their  contract. 

Having  the  expertise  at  NGS  available  to  the  Coast  Guard  for  this 
deployment  permitted  the  entire  effort  to  take  place  more  smoothly  than 
would  have  been  possible  otherwise.  The  body  of  professional  knowledge 
at  NGS  is  immense,  and  was  informally  accessed  at  various  times  for  pub¬ 
lications,  advice,  direction  and  feedback  on  the  Coast  Guard  planning  of 
the  mission. 

A  cursory  examination  of  the  most  recent  (1962)  Geodetic  Control 
Diagram  (figure  2)  revealed  horizontal  control  stations  with  promising 
access  by  helicopter  near  the  range  markers.  More  up  to  date  listings  of 
the  first,  second,  and  third  order  control  for  the  area  with  their  asso¬ 
ciated  descriptions  were  then  obtained  from  NGS.  Scrutinizing  this 
information  both  eliminated  some  candidate  sites  which  are  now  no  longer 
in  existence  and  added  some  new  locations  not  pictured  on  the  control 
diagrams.  A  list  of  candidate  sites  was  then  prepared  for  recovery. 

Recovery  of  the  horizontal  control  in  the  area  surrounding  Tampa  Bay 
and  reconnaissance  to  determine  operational  feasibility  of  landing  a 
helicopter  was  performed  by  the  Coast  Guard.  Additional  support  for  this 
operation  was  received  from  Coast  Guard  Base  St.  Petersburg,  which  sup¬ 
plied  a  small  boat  with  crew  on  two  occasions;  CG  Air  Station  Clearwater, 
which  provided  fuel  and  parking  for  the  NOAA-owned  helicopter;  Pinellas 
County  Engineers,  who  provided  maps  and  voluntarily  flagged  control  sta¬ 
tions  for  aerial  observation  and  Hillsborough  County  Mapping  and  Survey 
Division,  who  assisted  in  the  recovery  of  a  control  station  that  had  poor 
accessibility.  Pre-positioned  offsets  from  a  station,  necessary  at  some 
locations  to  permit  helicopter  landing  (see  air  mode  of  operation),  were 
surveyed  by  the  Coast  Guard. 

Following  this  preparation  by  the  Coast  Guard,  NGS,  who  had  recently 
acquired  some  expertise  in  the  planning  of  these  inertial  surveys  for 
their  own  work,  helped  to  map  out  the  legs  to  travel.  This  was  done  in 


*  Note:  At  this  writing.  Span  International,  Inc.  is  the  only  lessor  in 
the  U. S.  that  provides  an  ISS  and  associated  services.  Details  of  the 
contract  appear  in  Appendix  A. 
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accordance  to  the  guidelines  of  experienced  users  (6,  7)  and  the  contrac¬ 
tor’s  own  recommendations.  These  criteria  are  summarized  in  Appendix  B. 
An  initial  plan  included  eight  legs,  some  230  miles  of  flying  and  three 
fuelings.  Additional  preparation  on  scene  resulted  in  a  more  efficient 
mission  consisting  of  only  five  survey  legs  and  an  additional  calibration 
run.  The  mission  as  planned  is  shown  in  figure  3.  Establishment  of  a 
new  position  on  Picnic  Island  in  the  course  of  running  route  B  provides 
the  endpoint  for  route  C. 

The  traverse  legs  were  designed  to  be  as  straight  as  possible.  As 
pointed  out  in  the  literature,  keeping  cross  track  deviations  between 
endpoints  less  than  1/12  of  the  straight  line  distance  will  yield  the 
most  accurate  results.  In  doing  so,  at  NGS'  recommendation,  aid  number 
13  had  to  be  deleted  from  the  survey  as  there  was  no  track  close  enough 
to  cover  it.  It  is  now  believed  It  too  could  have  been  surveyed,  but 
there  was  risk  the  smoothed  results  for  that  track  (D)  may  have  slipped 
below  third  order  standards.  Each  leg  was  to  be  flown  in  the  forward  and 
reverse  direction  to  reduce  the  effect  of  systematic  errors. 

The  ISS  smoothing  programs  compute  the  precision  of  the  determined 
position  as  it  relates  to  the  endpoints  of  the  track,  but  there  is  no 
means  to  confidently  express  this  in  terms  of  how  the  position  determined 
by  the  ISS  compares  to  a  position  determined  with  conventional  equipment 
and  procedures.  To  permit  some  amount  of  comparison,  an  additional  aid 
was  added  to  track  A,  number  1A.  Published  horizontal  control  data  al¬ 
ready  existed  for  this  position;  how  close  the  ISS  came  to  predicting  its 
position  would  provide  a  good  indication  of  overall  survey  quality.  In 
addition,  the  R&D  Center  surveyed  aid  number  11A  by  intersection  so  that 
its  position  could  similarly  be  compared. 

Upon  completion  of  their  surveying  operations  in  Louisiana,  NGS  flew 
the  helicopter  and  ISS  to  Tampa.  From  there,  NGS  and  the  CG  conducted  a 
pre-survey  aerial  reconnaisance  of  the  area,  landing  at  all  the  update 
stations  (endpoints).  Identifying  ZUPT  (zero  velocity  update)  locations 
(see  Section  V),  and  hovering  at  the  range  marks  to  be  surveyed.  This 
preliminary  flight  is  most  important  as  it  familiarizes  the  pilot  and 
surveyor  with  the  area,  minimizing  confusion  at  the  time  of  the  mission. 
Upon  arrival  of  the  personnel  from  Span  International,  Inc.,  the  entire 
survey  was  carried  out  the  following  day. 

All  normal  procedures  for  a  typical  ISS  operation  were  followed. 
Alignment  proceeded  without  incident  In  the  morning,  and  the  N-S,  E-W 
calibration  runs  were  performed.  Execution  of  the  survey  continued  along 
the  planned  routes  A  and  B  until  six  aids  had  been  marked  and  a  new  geo¬ 
graphic  position  on  Picnic  Island  (the  update  station  for  route  C)  had 
been  established.  In  the  midst  of  running  the  next  legs,  the  ISS  comput¬ 
er  detected  an  overtemperature  condition  and  halted  data  collection, 
which  necessitated  a  complete  system  realignment.  Operations  then  con¬ 
tinued  along  leg  C  to  mark  aids  #1  and  #2.  Only  legs  D  and  E  remained 
but  while  traversing  leg  D,  the  helicopter  developed  a  mechanical  diffi¬ 
culty  In  the  tail  rotor  transmission  that  forced  an  emergency  landing  and 
precluded  completion  of  the  mission. 


It  should  be  noted  that  while  a  failure  of  the  ISS  and  a  helicopter 
failure  are  both  rare  events,  for  each  to  occur  in  the  same  day  on  the 
same  job  is  highly  unlikely.  This  demonstration  was  planned  to  be  con¬ 
ducted  in  a  short  time  frame  not  to  be  too  influenced  by  such  events. 
Fortunately,  a  good  portion  of  the  survey  was  successfully  completed 
before  involuntary  abortion  of  the  mission. 

Most  of  the  post  mission  smoothing  of  the  survey  data  could  be  com¬ 
pleted  on  scene  with  Span's  computer.  The  surveyed  positions  for  the 
range  markers  appeared  to  meet  the  criteria  for  a  third  order  class  I 
survey  (1:10,000)  which  is  a  good  sign  of  consistent  data.  Following 
further  analysis  by  Span,  NGS  received  the  final  positions  a  week  later. 
For  reasons  of  safety,  the  helicopter  could  not  hover  directly  over  the 
exact  center  of  each  range  light.  Instead,  a  convenient  corner  of  the 
aid  was  selected  for  positioning  and  it  was  that  point  which  the  ISS  sur 
veyed.  Following  the  helicopter  work,  each  aid  was  occupied  to  measure 
the  vector  offset  from  the  corner  to  the  light.  Forward  geodetic  compu¬ 
tation  was  then  performed  on  the  smoothed  positions  from  Span  to  correct 
for  the  offset.  Following  final  adjustment  to  the  North  American  Datum 
of  1927,  these  positions  may  be  incorporated  into  NGS  published  horizon¬ 
tal  control  data.  For  information  purposes  only.  Appendix  C  lists  the 
preliminary,  and  as  yet  unspecified  and  unadjusted,  positions. 


IV.  Theory  of  Inertial  Systems 


The  heart  of  an  Inertial  navigation  system  Is  a  platform  that  Is 
stable  In  some  reference  frame  be  It  space,  surface  of  the  earth  or  some 
other.  The  platform  Is  stable  due  to  the  action  of  at  least  two  ortho¬ 
gonally  positioned  gyroscopes,  stabilizing  four  degrees  of  freedom  (one 
is  redundant  as  the  platform  has  only  three).  In  a  system  oriented  about 
the  surface  of  the  earth,  one  gyro  is  usually  vertical  seeking,  which 
provides  for  local  platform  leveling,  while  the  other  is  north  seeking 
and  provides  horizontal  stability.  In  space  oriented  systems,  one  gyro 
remains  aligned  with  the  axis  of  the  celestial  sphere  (i.e.,  pointed 
toward  Polaris).  As  the  earth  spins,  the  vertical  seeking  gyro  in  earth 
oriented  systems,  while  stable  in  space,  will  deviate  with  respect  to  the 
reference  frame.  To  maintain  proper  alignment,  the  gyro  is  continuously 
torqued  to  induce  precession  in  the  correct  direction  with  the  required 
torque  being  computed  from  the  earth  rate.  Torquing  of  the  gyro  in  a 
space  oriented  system  is  of  course  not  required. 

Three  accelerometers,  all  mutually  orthogonal,  are  mounted  on  the 
platform.  These  are  nothing  more  than  precision  pendulums  that  can 
detect  accelerations  as  small  as  one  micro-g.  Periodic  sampling  of  the 
accelerometer  output  is  continuously  integrated  twice  to  yield  cumulative 
distance  in  the  direction  of  the  accelerometer's  axis.  After  conversion 
to  distances  in  latitude  and  longitude,  these  position  coordinates  of  the 
unit  are  displayed  on  a  display  unit.  Updating  of  the  display  takes 
place  as  often  as  accelerometer  interrogations. 

The  differences  in  an  inertial  survey  system  and  a  navigation  system 
are  mostly  improvements  in  precision,  obtained  by  using  higher  quality 
gyros,  higher  resolution  accelerometers  and  smaller  time  intervals  be¬ 
tween  accelerometer  sampling  combined  with  predictive  computer  routines. 
While  this  will  radically  improve  the  raw  measurement  being  taken  in  a 
survey,  only  with  post-mission  smoothing  and  analysis  can  the  equipment 
begin  to  produce  results  that  achieve  the  standards  of  precision  required 
in  geodetic  control  work  (i.e.,  better  than  1:10,000). 


V.  Technical  Description  of  the  ISS  Equipment 


The  best  descriptions  of  ISS  equipment,  including  the  preferred 
methods  for  deployment,  appear  in  a  collection  of  papers  given  at  the  1st 
International  Symposium  on  Inertial  Technology  for  Surveying  and  Geodesy 
in  Ottawa,  Canada,  during  12-14  October  1977  (8).  The  state  of  the  art 
has  advanced  considerably  since  then  with  the  rapidly  growing  acceptance 
of  the  equipment  and  its  adoption  by  numerous  surveying  concerns.  This 
has  given  use  to  a  great  many  improvements,  mostly  in  system  software, 
that  considerably  enhance  the  basic  inertial  unit.  Some  of  these  are 
reported  in  the  above  reference;  others  will  be  the  subject  of  future 
symposiums.  This  section  summarizes  the  descriptions  contained  in  refer¬ 
ences  7  and  9  of  the  equipment  used  in  this  operation.  It  then  launches 
into  a  discussion  of  error  sources  of  the  equipment  and  its  use,  error 
accumulation  and  the  rectification  of  the  errors. 

A.  Auto -Surveyor™  and  Spanmark™  Inertial  Survey  Systems 

The  most  widely  used  ISS  at  the  present  time  is  the  Litton 
Auto-Surveyor™.  This  is  actually  a  twice  modified  version  of  the 
LN-15  inertial  navigation  system  (INS),  vertical  seeking  two  dimensional 
aircraft  instrument.  The  two  modifications  consist  of: 

(1)  conversion  to  three  dimensions  with  the  addition  of  a  highly 
accurate  vertically  mounted  accelerometer,  and 

(2)  inclusion  in  the  computer  of  more  sophisticated  software  optimal 
estimation  techniques. 

The  resulting  system  is  thus  capable  of  performing  both  horizontal  and 
vertical  position  determinations  with  an  accuracy  compatible  with  geodet¬ 
ic  standards. 

Components  making  up  the  complete  system  are  an  Inertial  Measuring 
Unit  (IMU),  Data  Processing  Unit  (DPU),  Power  Supply  Unit  (PSU),  Control 
and  Display  Unit  (COU),  and  a  digital  data  storage  device.  This  complete 
package  can  be  installed  in  a  ground  vehicle  or  medium  sized  helicopter 
capable  of  supplying  60  amp,  24  VDC  electrical  power. 

The  IMU  contains  all  the  inertial  hardware,  mounted  on  gimbals  within 
the  case.  Electronic  assemblies  external  to  the  gimbals  control  internal 
temperature,  deliver  precise  power  and  process  the  signals  received  from 
the  accelerometers.  Resolvers  on  the  three  axes  of  the  gimbal  set  send 
information  on  azimuth,  roll  and  pitch  of  the  instruments  with  respect  to 
the  IMU  case.  Drift  rate  of  the  gyros  is  less  than  0.001°/hr,  the 
horizontal  accelerometers  have  bias  errors  less  than  5  micro-g's  and  the 
vertical  accelerometer  has  a  bias  of  less  than  1  micro-g. 

All  computations  are  performed  in  the  DPU,  a  digital  computer  with 
12K  of  memory.  This  computer  performs  all  analog  to  digital  conversions 
and  provides  real  time  survey  information  to  the  operator.  Software 
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routines  include  testing  for  reasonableness  of  data,  control  of  system 
errors,  inertial  alignment  and  calibration  and  inertial  data  smoothing  at 
the  close  of  a  traverse. 

The  operator  interfaces  with  the  system  through  the  CDU.  This  dis¬ 
plays  current  position  and  system  status.  Position  update  coordinates, 
inertial  alignment,  and  surveyed  marks  are  all  input  through  the  CDU. 
Normally  mounted  near  the  operator,  it  also  informs  the  user  when  he  is 
required  to  perform  a  specific  operation,  such  as  a  ZUPT. 

The  PSU  is  essentially  a  power  distribution  box  that  receives  vehicle 
power  and  provides  24  VDC  to  the  batteries  and  all  other  components. 
Precision  voltages,  when  required,  are  generated  at  the  unit  using  the 
power. 

A  cassette  tape  records  all  the  survey  data  marked  during  a  traverse, 
the  inputed  update  points  and  the  smoothed  date  computed  in  the  DPU  at 
the  time  of  an  update.  This  tape  may  be  used  in  post  mission  smoothing 
programs  that  perform  the  final  position  determination. 

Span  International,  Inc.  has  reconfigured  and  modified  the  basic 
Auto-Surveyor™  described  above  to  further  enhance  its  use  in  a  practi¬ 
cal  survey  environment.  Software  changes  now  permit  more  stations  (up  to 
140)  to  be  surveyed  along  a  track,  selectable  time  intervals  between 
ZUPTs,  selectable  error  tolerances  during  a  ZUPT,  and  more  versatility  in 
the  placement  of  fixed  offsets  from  the  IMU.  Perhaps  the  modification 
with  the  greatest  impact  is  the  installation  of  a  laser  ranging  instru¬ 
ment  on  the  IMU.  With  this  feature  it  is  possible  to  determine  the  off¬ 
set  to  any  nearby  point  by  aiming  the  instrument  at  a  reflector  mounted 
at  the  point.  Thus  the  survey  vehicle  need  not  position  itself  or  the 
inertial  system  directly  on  the  point  whenever  it  has  poor  accessibili¬ 
ty.  The  range  from  the  laser  ranging  equipment,  universally  referred  to 
as  an  electronic  distance  measuring  distance  measuring  instrument  (EDMI), 
and  the  azimuth  from  the  IMU  are  manually  input  to  the  DPU  where  it  is 
processed  to  mathematically  move  the  IMU  to  the  marked  position. 

The  Spanmark™  may  be  used  in  one  of  two  modes,  ground  or  air. 

Though  the  inertial  components  perform  the  same  in  either  instance,  the 
software  routines  are  considerably  different.  In  the  ground  mode,  all 
alignment,  position  updates,  position  marks  and  ZUPTs  are  performed  on 
the  ground,  either  in  a  land  vehicle  or  a  landed  helicopter.  The  laser 
geodimeter  may  be  used  at  various  distances  to  100  meters  (subject  to  the 
vibrational  stability  of  the  vehicle)  whenever  the  vehicle  cannot  be 
positioned  at  the  station.  The  allowable  movement  during  a  mark,  update 
or  ZUPT  will  be  very  small  and  the  software  "window"  for  movement  can  be 
set  at  less  than  0.005  feet. 

When  positions  are  to  be  surveyed  in  locations  that  do  not  permit  a 
helicopter  landing,  the  air  mode  is  used.  Normally,  a  hover  sight  is 
installed  on  the  helicopter  directly  beneath  the  pilot  so  he  may  orient 
the  aircraft  in  a  hover  directly  above  the  position  being  marked  where  a 


succession  of  three  readings  are  taken  before  the  traverse  is  continued. 
ZUPTs  may  also  be  performed  in  a  hover,  but  the  software  "windows"  allow 
0.01  feet  or  more  of  movement  since  the  aircraft  cannot  be  as  stationary 
as  when  landed.  Because  obtaining  positions  in  the  air  by  sighting pre¬ 
sumes  no  offset,  air  mode  software  routines  in  the  present  Spanmark™ 
do  not  permit  use  of  an  EDMI.  Furthermore,  inclusion  of  this  capability 
would  require  compromise  of  other  features  due  to  the  limited  storage 
capacity  in  the  on  line  computer.  Thus,  when  positions  are  surveyed  on 
the  ground  while  in  the  air  mode,  the  system  reference  point  must  be 
placed  directly  over  the  position. 

Since  many  survey  points  and  control  stations  are  not  directly  acces¬ 
sible  by  helicopter,  new  positions  in  clearer  areas  must  be  offset  from 
the  desired  point  prior  to  the  helicopter  flight.  If  the  location  is  an 
update  point,  prior  computation  of  the  position's  coordinates  is  neces¬ 
sary  so  they  may  be  input  to  the  CDU  at  the  time  of  the  survey.  Though 
incorporating  EDMI  routines  in  the  air  mode  software  is  not  an  impossible 
task,  the  number  of  instances  when  it  would  be  required  is  small  and 
therefore  Span  sees  no  economic  incentive  to  develop  it  at  the  present. 

B.  Error  Sources 

Three  types  of  errors  exist  in  an  ISS— equipment  biases,  systematic 
errors  due  to  operation  and  noise. 

The  first  two  types  are  normally  treated  as  systematic  errors  and  are 
corrected  in  combination.  Contributing  to  these  errors  are: 

1.  Initial  velocity  error,  may  typically  be  0.001  fps 

2.  gyro  (platform)  drift  rate,  0.001°/hr 

3.  accelerometer  measurement  error 

(a)  bias  error 

(b)  scale  factor 

(c)  misalignment  of  accelerometer  axis 

4.  environmental  effects 

(a)  temperature 

(b)  magnetic  anomalies 

(c)  vibration  disturbances 

Error  growth  for  each  of  these  sources  is  linear  and  can  be  corrected 
with  suitable  linear  models.  But  since  their  effect  is  twice  Integrated 
for  distance  measurements,  error  growth  is  nonlinear  and  if  allowed  to 
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persist  along  a  traverse,  will  soon  take  on  characteristics  resembling  an 
exponential  as  shown  in  figure  4a.  In  the  first  three  to  four  minutes 
however,  the  growth  is  linear,  predictable  and  capable  of  correction  by 
the  algorithms  describing  the  linear  model.  Thus  the  system  is  periodi¬ 
cally  stopped  every  three  to  four  minutes  for  what  is  a  zero  velocity 
update  (ZUPT).  These  stops  require  anywhere  from  20  to  60  seconds  during 
which  the  system  is  informed  it  is  stationary.  The  Kalman  filter  then 
proceeds  to  estimate  the  error  accumulated  over  the  time  interval  since 
the  last  ZUPT,  corrects  for  it  and  stores  the  system's  position.  Relev¬ 
eling  and  realignment  of  the  inertial  platform  takes  place  during  the 
stop  so  that  the  system  essentially  makes  a  fresh  start  when  movement 
recommences.  Starting  the  traverse  from  a  known  position  A  in  figure  4b, 
ZUPTs  are  continually  performed  along  the  route  until  the  system  reaches 
another  known  geographic  position,  2,  at  which  time  it  performs  a  posi¬ 
tion  update. 

Despite  the  corrections  for  error  that  have  taken  place  along  the 
traverse,  the  actual  position  will  probably  differ  from  the  predicted 
position  as  shown  in  figure  4c.  This  is  a  result  of  very  slight  inac¬ 
curacies  of  the  linear  model  and  differences  between  the  predicted  com¬ 
ponents  of  gravity,  magnetism,  temperature  and  earth  rate  and  their  actu¬ 
al  values.  Given  the  actual  position,  the  computer  distributes  this 
difference  along  the  traverse  similar  to  figure  4d.  Now  the  same  tra¬ 
verse  is  executed  in  the  reverse  direction,  including  ZUPT  until  the  sys¬ 
tem's  position  is  updated  once  again  at  point  A.  The  distribution  of 
error  will  now  have  a  similar  shape  to  that  resulting  from  the  forward 
traverse  only  on  the  opposite  side  (figure  4e).  Post  mission  processing 
of  this  data  will  average  the  error  distributions  and  compute  the  vehi¬ 
cle's  track,  which  should  be  identical  to  the  actual.  Given  symmetrical 
distributions,  it  will  be. 

No  computation  can  be  performed  to  indicate  just  how  symmetrical  the 
distributions  are.  Good  symmetry  results  from  good  survey  procedures 
including  well  placed  ZUPT  stations,  accurate  update  positions  and  equal 
times  to  traverse  forward  and  reverse.  Position  error,  after  correction, 
of  the  surveyed  stations  along  the  traverse  that  remains  uncorrelated 
with  error  of  other  positions,  is  the  result  of  noise.  While  this  cannot 
be  rectified  through  any  software  filtering,  its  impact  can  be  reduced  by 
knowing  what  causes  it  and  how  it  grows.  The  reader  is  referred  to  a 
good  discussion  of  the  subject  by  Huddle  in  reference  9.  Suffice  it  to 
say  here  that  the  small  residual  errors  due  to  noise  appear  to  grow  as 
the  square  root  of  the  number  of  stops  along  a  traverse.  Much  of  this 
can  then  generally  be  corrected  in  post  mission  smoothing. 

C.  Prevention  of  Uncompensated  Error 

In  light  of  the  high  accuracies  achievable  with  an  ISS  and  the  em¬ 
ployment  of  sophisticated  error  minimization  schemes,  far  more  critical 
to  the  success  of  a  survey  Is  close  adherence  to  proper  procedures  on  the 
part  of  the  user.  The  following  four  major  areas  of  carelessness  or  poor 
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planning  will  result  In  something  less  than  optimum  positions.  Wickam 
(7)  provides  a  very  complete  listing  of  these  and  other  less  critical 
considerations. 


(1)  Excessive  deviation  from  a  straight  line  track  -  Though  the 
Kalman  filter  and  frequent  accelerometer  sampling  intervals  (every  16 
milliseconds)  provide  superior  position  prediction,  the  gyros  and  accel¬ 
erometers  are  sensitive  to  changes  in  the  temperature  and  magnetic  gradi¬ 
ents.  Over  a  straight  line  traverse  these  effects  are  linear  enough  to 
not  be  a  significant  contributor  to  error.  Cross  track  deviations  of 
more  than  one-third  of  the  along  track  distance  may  subject  the  equipment 
to  different  gradients  that  affect  the  precision  performance  of  the  in¬ 
ternal  components.  As  reported  by  Hadfield  (11),  future  generations  of 
inertial  surveying  systems  using  more  sensitive  accelerometers  and  gyros 
combined  with  extensive  shielding  may  eliminate  the  need  to  adhere  to  a 
straight  line.  In  the  meantime,  any  surveys  performed  with  the  Spanmark 
should  be  planned  with  the  goal  of  keeping  cross  track  deviations  less 
than  1/12  of  the  along  track  distance. 

(2)  Poor  geodetic  control  -  Since  any  survey  will  only  be  as  good  as 
its  control,  only  those  stations  with  verified  positions  should  be  uti¬ 
lized.  Ideally,  the  order  of  the  station  should  be  one  better  than  the 
order  of  the  survey.  Equally  important  is  to  position  the  survey  vehicle 
precisely  on  the  center  of  the  station.  Since  control  stations  are  used 
for  position  update,  error  arising  from  their  use  propagates  throughout 
the  entire  traverse. 

(3)  Excessively  lon^  intervals  between  ZUPTs  -  After  3  to  5  minutes, 
position  error  accumulation  becomes  nonlinear  and  cannot  be  completely 
removed  with  the  linear  models.  Thus  a  small  uncorrected  position  will 
remain  in  the  system  after  a  ZUPT  that  was  performed  past  the  time  limit. 
The  effect  on  the  survey  is  equivalent  to  using  an  update  control  station 
with  poorly  reported  position. 

(4)  Improper  execution  of  ZUPTs  -  Since  the  purpose  of  the  ZUPT  is 
to  place  the  system  in  a  stable  environment,  any  movement  (velocity)  that 
occurs  during  a  ZUPT  will  permit  the  system  to  realign  to  a  moving  refer¬ 
ence  frame.  Since  it  was  told  the  frame  was  stationary,  the  small  velo¬ 
city  error  will  remain  uncompensated  in  the  system  until  the  next  ZUPT. 
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The  distinct  advantage  that  the  ISS  has  over  more  conventional  tech¬ 
niques  is  the  large  amount  of  surveying  that  can  be  accomplished  in  a 
short  period  of  time.  In  the  case  of  the  survey  in  Tampa  Bay,  this 
amounted  to  four  hours  of  flying  time  plus  an  hour  of  aerial  reconnais¬ 
sance.  In  that  time,  the  positions  of  eight  aids  and  one  location  on 
shore  were  determined.  Depending  on  the  efficiency  of  the  flying  units 
and  the  density  of  the  points  to  be  surveyed,  surveying  20  aids  in  a  day 
is  a  good  estimate.  Using  conventional  methods  on  a  similar  number  would 
require  from  one  to  three  weeks.  The  benefit  of  time  savings  with  an  ISS 
cannot  be  disputed. 

The  advantages  of  time  and  large  coverage  area  are  balanced  by  high 
cost  and  extensive  pre-mission  planning.  Since  the  surveying  takes  place 
so  fast,  all  supporting  functions  must  execute  like  clockwork.  This 
demands  that  the  person  in  charge  have  complete  knowledge  of  the  area, 
have  made  a  pre-survey  reconnaissance  of  the  routes  and  positions,  and 
tended  to  all  the  many  logistical  considerations  such  as  timely  refueling 
of  the  helicopter.  Extensive  planning  is  always  a  prerequisite  for  any 
successful  survey,  but  never  is  it  more  critical  than  with  an  inertial 
survey.  Neglect  of  even  minor  details  can  ground  the  system  for  hours, 
incurring  large  expenses  in  the  process.  Carriere  (2)  states,  "The  cost 
per  (surveyed)  station....  traversed  will  be  inversely  proportional  to 
the  time  taken  to  properly  prepare  a  project,"  which  is  in  consonance 
with  the  experience  of  other  users.  The  contractor  will  provide  all  the 
technical  assistance  that  may  be  needed,  but  generally  will  not  assist  in 
the  planning.  It  is  highly  recommended  then  that  the  surveyor  in  charge 
of  the  operation  familiarize  himself  with  available  literature  or  have 
had  previous  experience  with  inertial  surveying.  A  short  guide  to  some 
important  field  preparation  considerations  is  provided  in  Appendix  D. 

The  Coast  Guard  must  weigh  its  requirements  for  accurate  aid  survey¬ 
ing  against  the  cost,  time,  and  benefits  achieved  in  such  surveys.  A 
short  cost  analysis  is  presented  here  to  place  the  ISS  in  perspective 
with  more  conventional  methods.  Economic  considerations  alone  will  gen¬ 
erally  determine  how  a  survey  will  be  conducted.  The  reader,  however, 
must  appreciate  the  fact  that  each  survey  has  its  own  peculiarities,  and 
such  items  as  availability  of  control,  access  by  land  vehicle  for  recove¬ 
ry,  the  extent  of  the  area  to  be  surveyed,  and  weather/environment  con¬ 
siderations  may  favor  one  method  over  another,  regardless  of  the  cost. 
Additional  recommendations  are  included  in  section  VIII. 

ISS  -  Initial  costs  to  lease  an  ISS  are  high  as  they  must  pay  for  all 
transportation,  installation,  initial  testing,  spare  parts,  and  other 
overhead  items.  Span  International,  Inc.  charges  $12,000  for  its  mobili¬ 
zation  fee  (see  Appendix  A).  Daily  operating  costs  are  $3325  for  a  seven 
hour  period.  Associated  miscellaneous  costs  include  per  diem  expenses 
for  Span  employees  and  any  necessary  ground  support  equipment. 

All  helicopter  costs  must  be  borne  by  the  user  of  the  equipment.  A 
four  passenger  helicopter  is  considered  ideal  for  equipment  and  passenger 
space  while  providing  good  maneuverability.  Desirable  features  of  a 
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helicopter  include  good  downward  visibility,  small  size,  300-400  jile 
range,  floats  for  over  water  operations  and  good  hovering  characteris¬ 
tics.  The  ISS  package  has  operated  successfully  in  the  Hughes  500  C,  D, 
Bell  206  B,  L,  Allouette  Llama  and  Fairchild  1100,  so  these  models  are 
highly  recommended.  The  NOAA  helicopter  used  in  the  Tampa  Bay  survey  was 
a  Bell  Model  204  E.  Coast  Guard  helicopters  at  present  are  not  very 
adaptable  to  an  inertial  surveying  job  because  of  the  lack  of  downward 
visibility,  their  larger  size  and  the  three  point  landing  gear,  which 
permits  more  vibration  than  simple  floats  or  skids.  Furthermore,  regular 
operational  conmitments  may  preclude  exclusive  assignment  of  an  aircraft 
to  the  surveying  mission  when  it  is  required.  For  these  reasons,  commer¬ 
cial  helicopter  rentals  will  be  another  necessary  cost  in  an  inertial 
survey.  Typical  rental  fees  that  include  pilot  and  fuel  currently 
average  $300  per  hour  of  collective  time;  the  helicopter  will  be  flying 
approximately  60*  of  the  time. 

Table  I  itemizes  these  expected  daily  costs  of  an  inertial  survey. 

To  obtain  the  average  daily  cost  of  an  entire  survey,  add  to  this  the 
average  mobilization  fee  per  day.  Note  that  the  figures  include  the  cost 
of  the  planning  performed  by  the  chief  of  the  surveying  project.  Good 
use  of  in  house  manpower  can  be  made  during  the  planning  stages  which 
will  cut  the  cost  considerably.  Planning  for  the  one  day  Tampa  Bay  sur¬ 
vey  was  conducted  by  four  persons  with  a  combined  work  load  of  one  man 
month.  Estimate  an  additional  man  week  for  every  additional  day  of  sur¬ 
veying.  Depending  on  the  extent  to  which  in  house  talent  is  used  and  the 
character i sties  of  the  area  being  surveyed,  planning  costs  may  average 
$500-$1000  per  survey  day. 

Conventional  -  A  conventional  survey  of  aids  to  navigation  is  labor 
rather  than  equipment  intensive.  A  commercial  surveying  firm  bidding  on 
an  entire  job  would  include  recovering  the  control,  targeting,  performing 
the  survey,  and  reducing  the  data  in  its  estimate.  Depending  on  the  size 
of  the  survey,  two  to  six  men  might  be  employed.  As  shown  in  Table  II, 
one  week  of  surveying  costs  approximately  $5000  in  an  area  with  adequate 
control  and  good  accessibility.  Poor  weather  and  visibility  will  hamper 
outside  operations  about  20%  of  the  time  (depending  on  the  area)  which 
may  inflate  the  weekly  figure  to  $6000. 

Comparison  -  Comparison  between  conventional  and  inertial  methods  can 
be  made  on  the  basis  of  number  of  aids  or  on  cost  per  aid.  Any  perform¬ 
ance  may  be  assumed  but  based  on  the  Tampa  Bay  survey,  the  ISS  can  rea¬ 
sonably  be  expected  to  determine  20  positions  per  day  of  operation. 

Based  on  the  experience  of  other  surveyors  (2,  4),  a  conventional  survey 
will  take  up  to  ten  times  longer.  Using  these  assumptions  and  the  cost 
figures,  figure  5  shows  the  direct  comparison  between  the  two  methods. 

At  100  aids,  the  ISS  becomes  economically  more  attractive. 

Alternatively,  the  cost  of  surveying  each  aid  can  be  evaluated 
against  various  deployments  of  the  ISS.  In  figure  6,  the  unit  cost  of 
surveying  50  aids  is  shown  against  the  time  of  system  rental.  This  may 
be  compared  to  the  unit  cost  of  a  conventional  survey.  For  example,  when 
the  conventional  unit  cost  is  $600  per  aid,  the  ISS  is  economically  ad¬ 
vantageous  if  the  mission  requires  no  more  than  two  days  rental. 
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Item 


Estimated  Cost 


(S/day) 

ISS  Daily  Use  Fee  $3325 

Helicopter  Rental  finch  pilot) 

7  hrs  @  $300/hr,  60%  use 

$2100  X  0.60  =  1260 

Chief  surveyor  100 

Per  diem  expenses  350 

Miscellaneous  expenses  40 

Ground  support 
Transportation 

Pre-mission  planning  (est)  750 

Post-survey  computation  and 
adjustment  1000 

Documentation,  publication,  etc.  500 

Total  daily  survey  costs  $7475 


Table  I  -  Average  Daily  Cost  of  an  Inertial  Survey 
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Item 

Estimated  Cost 

(S/week) 

Surveying  Party  -  3  man 

$1500 

Per  diem  expenses 

1000 

Equipment 

500 

Transportation  and  miscellaneous 

500 

Pre-survey  recovery 

500 

Post-survey  computation  and 
adjustment 

500 

Documentation,  publication,  etc. 

500 

Total  estimated  weekly  cost 

$5000 

Table  II  -  Estimated  Weekly  Costs  of  a  3-Man  Surveying  Party 


SURVEY  COSTS  ($K) 


FIGURE  5  —  COST  OF  INERTIAL  AND  CONVENTIONAL 
SURVEYS  AS  A  FUNCTION  OF  NUMBER  OF  AIDS 
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VII.  Conclusions 


As  a  result  of  Coast  Guard  research  to  date  and  the  operational  de¬ 
ployment  in  Tampa  Bay,  the  following  conclusions  can  be  drawn  about  iner¬ 
tial  surveying. 

1.  The  capability  to  use  an  airborne  Inertial  survey  system  to  perform 
an  over-the-water  survey  of  fixed  aids  to  navigation  wa:>  successfully 
demonstrated  in  Tampa  Bay. 

2.  Inertial  surveying  is  extremely  rapid  compared  to  conventional  sur¬ 
veying  techniques.  Usable  (although  not  yet  publishable)  surveyed  posi¬ 
tions  are  made  available  on  scene  or  within  24  hours. 

3.  Though  no  official  NGS-approved  procedures  exist,  at  this  writing, 
the  results  of  an  inertial  survey  appear  to  be  at  least  as  good  as  third 
order.  Surveys  must  be  executed  in  accordance  with  current  inertial  sur¬ 
veying  practice.  This  will  usually  provide  sufficient  precision  for  any 
Coast  Guard  fixed  aid  to  navigation. 

4.  Because  an  ISS  Is  an  expensive  and  sophisticated  apparatus  and  sur¬ 
veys  must  be  conducted  in  a  helicopter,  the  total  cost  of  a  given  survey 
is  high,  usually  exceeding  520,000. 

5.  Inertial  surveying  technology  may  be  successfully  applied  to  most 
Coast  Guard  surveying  tasks  whenever  cost-benefit  analyses  are  favora¬ 
ble.  However,  use  of  the  system  is  not  justifiable  for  a  survey  of  a 
small  number  of  aids. 

6.  Inertial  surveys  are  fast  and  efficient  for  regions  containing  large 
numbers  of  aids.  It  would  be  an  effective  means  for  performing  one  time 
surveys  of  fixed  aids  to  navigation  in  four  or  five  adjacent  harbors. 


VIII.  Recommendations 


1.  The  Coast  Guard,  in  light  of  its  interests  in  more  accurate  aid  posi¬ 
tioning,  should  become  familiar  with  all  the  various  methods  of  surveying 
available  to  perform  the  tasks.  This  does  not  imply  development  of  in 
house  expertise  In  surveying  but  rather,  a  knowledge  sufficient  to  intel¬ 
ligently  contract  for  reliable,  accurate  and  cost-effective  surveying 
services. 

2.  Deployment  of  an  ISS  should  not  be  attempted  for  surveys  of  a  small 
number  (~20)  of  aids.  The  cost  and  planning  time  cannot  be  justified 
for  the  benefits  received  In  reduced  survey  time. 

3.  Inertial  surveying  should  be  considered  another  option  which  the 
Coast  Guard  may  evaluate  for  its  needs.  It  is  potentially  a  very  cost 
effective  system  to  use  for  long  range  surveys  with  limited  conventional 
access  to  control  stations. 

4.  Coast  Guard  districts  reviewing  the  status  of  survey  control  of  their 
fixed  aids  may  find  a  large  number  are  not  verified  to  third  order. 

Should  a  large  scale  survey  of  these  aids  be  considered,  the  ISS  should 
be  evaluated  along  with  other  methods  to  accomplish  the  task. 
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WAN  INTERNATIONAL,  INC. 
WANMARK*  INERTIAL  SURVEY  SYSTEM 

DOMESTIC 

USE  AND  SERVICE  AGREEMENT 


AGREEMENT  NO. 


INVOICE  TO: 

User 

SWnat  Address 

0%  and  Stats 

Up  Coda 

<  > 

MOUSSTSO  SYST1M  DSLIVCRY  BATS:  _ _ 

SPAN  International.  Inc.  (hereinafter  celled  “SPAN"),  upon  occopuncc  ef this  Agreement  and  receipt  of  the  Mobilisation  Fee  front 
the  Uoor,  agrees  to  provide  o  SPANMARK*  System  (hereinafter  colled  "System"!.  topether  with  maintenance.  operator  end  oil 
ocher  coretcoo  praetdod  foe  heroin  under  the  terms  end  conditions  horeinofter  stated 

The  BASE  TERM  shell  ho daps  commencing  on  the  dole  the  System  hoc  arrived  at  the  Airport  of  Delivery  shown  above 
(Nor  ahull  pup  So  SPAN  s  Reese  Charge  fhr  the  BASE  TERM  as  follows. 


Use  Poo  fSooo  Tone  dors  •  SUB  per  day!  . » 

Mohflisutloci  Poo  . »  12,000.00 

TOTAL  BASIC  CHARGE  . e 


The  Bexir  Charge  entitles  the  User  up  tee  maximum  numborof  UoeTtmo  hoars  las  hereinafter  defined  leau a)  to  the  number  of  Soar 
Term  dope  multiplied  hr  coven  <T>= 

Maximum  Uoo  Time  hours  •  - 

If  the  System  to  used  in  cocoes  of  the  Maximum  Uoo  Time  hours  stated  above  during  the  lose  Term,  the  User  shell  he  invoiced  and 
pop  to  SPAN  Three  Hundred  Seventy-live  Dollars  itPTtl  Hr  ouch  hour,  or  fraction  thereof,  in  excess  of  the  Maximum  Use  Time 
hours.  Unused  portions  of  the  Maximum  Use  Time  hours  seated  above  shall  not  he  carried  over  beyond  the  Bose  Term 

The  Basic  Charge  to  payable  to  SPAN  act  ceding  to  the  following  schedule: 

»  12,000.00  MohlHsation  Poe  paid  upon  SPAN'S  confirmation  of  a  delivery  date. 


I  —  .  —  -  _  fSdto  of  Uoo  Fee)  due  an  or  before  commencement  of  Base  Term. 

I -  (SOU  of  Use  Fool  due  at  the  end  of  the  Sees  Term.  If  the  BaaeTerm  is  longer  than  thirty  I  so  Ida  ys.it  ohall  he  pa  id 

In  pro  coyd  today  tnetallments  with  the  balance  due  at  Che  end  ef  the  Base  Term. 


fit*  of  Use  Phrldnr  upon  wbm tenon  of  the  final  data  Itom  the  System  to  the  User. 


IP  USER  ELECTS  TO  PAYTHE  ENTIRE  BASIC  CHARGE  PRIOR  TO  THE  COMMENCEMENT  OP  THE  BASE  TERM.  USER 
SHALL  BE  GRANTED  A  FIVE  PERCENT  (Mb)  DISCOUNT  PROM  THE  TOTAL  BASIC  CHARGE. 


At  or  prior  he  the  eooiplstise  of  the  Race  Term,  the  System  shall  he  returned  by  User  to  SPAN  at  the  Airport  ef  Delivery  or  ouch 
other  loratian  ssaoptshlc  to  SPAN.  If  the  User  requests  the  uoo  of  the  System  beyond  the  Boos  Term,  subject  to  SPAN'S  having  o 
System  a  valla  hie,  the  User  shall  say  u  SPAN  Four  Thousand  Plot  Hundred  Dollars  (S4JM)  per  day  Nr  ouch  use  plus  Throe 
Hundred  Seventy  Svo  Deters  (Util  per  hour,  or  fraction  thorp  of.  in  oncooo  ef  seven  <TI  hours  Use  Time  per  day. 


The  Boole  Charge  end  all  other  chatfoo  shall  ho  paid  by  UoartoSPAN  In  UJ-DoRaro  at  Scottsdale.  Ariqqui.or  at  ouchather  place  as 
assy  hr  designated  by  SPAN.  Additional  use  charges  or  other  chordae  provided  Itr  heroin  wit  ho  invoiced  separately  and  shall  he 
paid  by  Uoor  within  ten  (IR  days  from  data  ef  tnvwie. 

Te  the  Sceie  Charge  dated  aheea.  there  than  he  added  amaunu  equal  taawy  see  erlaamuxei.hewevei  designated,  levied  or  baaed 
on  cnch  cheroot  cr  on  UdtAgrooamnt  cron  the  SycCem  echo  noo.lnclodtng  cute  end  local  pcicUogioc  excite  toast  booed  cn  grace 
igegnna,  and  sny  taaea  or  amaanta  la  Hau  thargaf  said  or  payable  by  SPAN  la  reeqect  ef  the  feeegeieg.  enrhuiei  besmear  of 
perse  eel  property  taeee  aaaseaed  ah  the  System  and  taaaa  baaed  ea  SPAN'S  net  teeeese. 

TBS  AGREEMENT  INCLUDES  THE  PROVISIONS  ON  THE  REVERSE  SIDE  AND  FOLLOWING  PACES, 


This  Agreement  te  an  Meet  to  writles  nroaptenae  by  an  antharlaad  affraar  of  SPAN  lets  roar  iawal,  Inc-,  at  Sranidalc.  Altoona. 


tSlIS  PAGE  IS  BEST  qUALlTI  WHSM** i  n 
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APPENDIX  A 


TERMS  AND  CONDITIONS 


TMMOT  MMtnMNT 

Thu  Agreement  shall  bocoma  effective  an  the  daw  it  ii  oceopud  by  SPAN  and  shell  fa  main  in  effect  until  cancelled  or  tanmnatnd  at 
harain  provided  Cure  obligation  to  pay  the  Batic  Charges,  and  all  other  charges  presided  far  herein  which  ahall  hava  accruad. 
than  survive  any  Mminatun  of  Ihit  Afraanuni. 


■PAN  will  confirm  a  delivery  data  no  Later  than  three  (1)  working  daya  after  receipt  of  the  Mobilisation  Paa  and  will  praeidt  the 
Syatem  at  the  Airport  of  Delivery  an  the  daliaory  date  ton  firmed  by  SPAN.  SPAN  ahall  net  he  liable  far  delays  in  deli  vara  llldoe  to 
carnet  beyond  itt  raaaonabla  control,  or  (SI  to  Acta  of  Gad.  acta  of  the  Uaer,  acta  er  restrictions  of  cieil  or  military  authority, 
pnontiea  fire  a.  tenbea.  labor  ditputte.  flood  a.  epidemics,  war.  note,  or  cieil  comiaetiin.  chart  ape  a  of  labor  er  me  tana!  a,  delay  in 
trth  ape  nation,  er  athar  aim  liar  or  d  it  similar  caueea  or  (SI  unavailability  af  infarmatien  or  material  to  bo  ftamiched  by  the  Uaer 


SPAN  will  provide  a  suitable  land  vehicle  far  uaa  with  the  Syatem  if  the  Uaer  haa  specified  the  Syatem  it  to  be  operated  in  a  land 
vehicle. 


MSTdUATMN  0»  SYSTSM  M  VMGLS  ON  HgUCOTTirt 

SPAN  ahall  be  responsible  far  inateilauon  af  the  Syatem  in  the  vehicle  or  liter* provided  helicopter.  SPAN  shall  provide  raduitad 
haatallation  melenela.  teola.  and  accnaonea  nocaaaary  far  meulletion  of  the  Syatem  in  the  vehicle  or  helicopter 


SPAN  will  provide  raaaonabla  technical  aadatanca  in  planning  fee  Inertial  annoying  and  will  provide  the  eereieve  af  ana  Project 
Manager,  and  one  or  mare  Plaid  Engineere  andfer  Technicians.  who  will  accompany  the  Syatem.  sptrale  the  System  for  the  Uaer  at 
wall  oa  provide  field  maintenance  for  the  Syoum  end  overact  the  System  performance.  SPAN'S  Project  Manager  will  aloo  he 
SPAN'S  Contract  Representative  and  bo  responsible  far  providing  the  and  product  survey  data  from  the  Syatem  to  the  User 
Employees  of  SPAN  ahall  be  under  the  exclusive  central  and  management  of  SPAN  and  ahall  nan  be  considered  employees  or  agents 


Puringtho  town  of  thio  Agreement.  SPAN,  ntltoonponoa.  will  cauoo  to  bn  made  all  nocoaoary  adjustments,  ynpalro.  and  toptacemont 
af  pane  rogstrpd  to  hoop  the  Syoum  in  goad  working  ardor.  If  maintenance  on  the  Syoum  reduces  the  available  work  hours  below 
on  average  of  7  hours  par  day  for  tho  Bom  Tana,  than  in  that  event  SPAN'S  tala  indexcfmivc  liability  to  Uaer  ah til  ho  (amend  the 
Base  Term  1  day  for  each  7  hours  of  such  reduced  availability  at  no  additional  coot  u  User.  Such  mansion  ahall  in  no  way  reduce 
Uur 'a  obligation  u  pay  the  lame  Chugs  or  athar  chargor  for  thn  Bau  Term  nr  pay  Basic  Charges  or  other  chargee  for  MbMguent 
periods 


tVBTCM  OPERATION  AMO  SUPPUBS 

The  System  ahall  ha  operated  in  accordance  with  SPAN'S  operational  procedures  and  this  Agreement  All  supplies  used  m  the 
System  sna  bo  supplied  by  SPAN.  SPAN  will,  within  fourteen  <M)  days  after  the  conclusion  of  the  Bom  Term,  provide  Uaer  with 
final  Syatem  tro vires  results  in  hord  ««pr  and.  U  lopusmed.  magnetic  taps. 


TRANSPORTATION 

SPAN  shall  ho  respawslbfo  for  transportation  of  the  IrsUw  and  SPAN'S  personnel  to  the  Airport  ef  Delivery  te  commence  the  Baas 
Term.  Upon  tom  pi  stun  af  the  Baas  Term.  SPAN  ahall  bo  loapanaibla  far  tranapanntiaai  oftho  Bynum  and  SPAN'S  potmanal  from 
thn  Airport  of  Delivery  u  WAN. 


SPAN  shaH  maintain  a  standard  form  Aft* Blob  Comanky  In 
■  to  In  transit. 


iMb>  mooring  the  faroum  during  the  una  of  tide  Agreement 


Hurt  OMIebMbnb 


Umr,  at  Ha  a spaoao.  ahall  provide  adatoou  affWa  and  working  ap»m.  alaroga  for  spore  porta,  boot,  light,  vwntllatfon.  and  ISOvoh 
afoetriml  power  ro  raised  for  huulHtion.  epirotien.  mniounaneo,  and  inppart  of  the  Byaum.  Such  facilities  shall  bo  wtlhln  a 
naunablo  dlatam  of  the  alignment  point  and  whom  the  System  fold  ho  aocvfaod.  Additionally,  oBoontrol.  survey  maUrtolo.ftiel. 
fobotuia)  treneponattm.  purfaug,  aeaecHy.  permits.  etc-  ahaM  bo  provtdld  by  User  at  hi  asponu.  User  shall  prpvido  anUefbcuay 
lodging  ft  roams)  and  pea  vial  ana  for  SPAN'S  employee!  at  Hi  espenm  daring  the  Bau  Term  nr  any  extension  thereof.  If  In  the 
aniaien  of  SPAN'S  Project  Monogor,  such  lodging  and  proviaionguo  not  satisfactory,  ho  may  five  written  netkouUie  User's  PfoU 
Baprountotlvo  pad  SPAN'S  Project  Manager  may  than  aocoto  umporory  support  focilltita  and  SPAN  win  chant  User  SIM  par 
day  for  each  enstu  SPAN  ampUyav  until  Mtief eatery  lodging  pad  provtaUna  pro  provided  by  Uur.  Empfoyomof  SPAN  shall  hove 
aocoaa  u  the  System  at  ad  non 


The  User  wtH  provides  teauftod  surveyor  u  bain  prefetslonnl  charge  af  the  survey  and  bathe  Uaor'a  Project  Manager,  and  such 

bddWortdl  pareonnol  noadod  for  the  project  Indnding  »  driver.  If  to  runted,  far  the  SPAN- provided  land  vc facie.  Uoor’a  omployooo 
gd^a  runnel  ahall  bo  ondm  the  coauNvo  MM  rolond  manage  mam  of  the  Uur  and  oholl  not  bo  rnaaldi  rod  am  pi  aynaocbgonuaf 

a 


If  thp  Uur  oberla  w  boao  Urn  Byaum  aporou  kom  a  bokupiir.  tha  Uom  agiou  u  mwrida  a  whslli  bphiapaar,  primal. 
Md  asaoptakSa  u  SP AN  ^ 


•mw  v. . 


THIS  PAGE  IS  BEST  QUALITY  PRACTICABLE 
U  COPY  I  SHED  10  BiE>Q  . 


It  Uaar  alacta  to  frond*  tho  ooKict*  or  helicopter.  Uom  oholl  maintain  liability  iaauraae*  cover—  oooofUM*  to  SPAS'  (or  injunct 
to  pamans  uid  propony  in  eonnoction  with  tho  otnpMnt  with  mvarogrs  of  not  loo*  than  On*  Million  Deiiara  (11.000,000)  par 
ponon.  Pit*  Million  DoUan  (H.000,000)  par  orridont.and  On*  MUHon  DoUan (tl.000.000)  propony  damage  Such  inturann  oholl 
nan*  SPAS',  tho  Manufacturer,  and  tho  Owaor  aa  additional  tnaarodi,  and  User  ahaU  apon  roauoct,  doHoor  a  certificate  of  ouch 
msurence  to  SPAS'  which  mguimt  ton  ( 101  dayo'  prim  antic*  to  SPAN  of  caacoUatioa  or  modification.  Uotr  agrees  to  hold  hsrmlear 
and  indemnify,  aa  a  aunty,  SPAN,  the  Manufactuw.aad  the  Owner  acainat  any  and  aU  claims.  Itabtltttoe.  or  damages  including 
claim#.  hahilitie*  or  charge#  by  Uoar  far  personal  mmsree,  property  damage,  laaa  of  hnatnaaa.  laaa  of  proflu,  loop  of  anticipated 
profit*,  athar  cronamic  laaa,  eKpettae.  or  otharwtae. 


mu 

tho  8 potent  is.  and  wUl  nmain  paroanal  pray  trty .  Uoar  wUI  defend,  at  its  arponoa.  tho  title  of  Owner  and  SPAS'  apainot  all  poroono 
alaiminc  an  mtantt  in  tho  System  tMeugh  or  again*  the  Uaar.  and  the  Utrr  win  net  cnauar  permit  any  lion  srencutnbranee  upon 
the  Syitom.  UeorthaU  net  aaaignita  right*  and  jntaraatanndarthiaAdrooamnt.  nor  ahall  it  anMat  tho  Syatom.  without  prior  written 
approval  af  SPAN. 


Uoar  afreet  to  allow  SPAN  to  identify  Uaer'a  tampany  nanto  and  project  in  SPAS'  publics uona  aa  a  Uoor  of  the  Svaterr  covered  by 
Una  Agreement  If  material  ta  written  for  place  mat  in  public  media,  the  Ml  thereof  wiU  bo  submitted  to  User  m  advance  for  hit 
review  and  appnval. 


Oonocnl  Turn 


MU  TMM 

Use  time  ia  that  time  gating  which  the  Syotom  it  taint  operand  In  inertial  oamyfnp  operations  and  Inctudoo  calibration  and 
al%tt merit  of  the  Spate ■  before  aurteinna  aparatiaoa  begin-  Uoo  we  ahall  commence  at  the  beflnnutf  of  alignment  and  continue 
oatil  the  laat  terminal  update.  Use  time  ahall  net  he  accumulated  during  the  uate  rofuired  far  System  maintenance 


OP  AULT 

In  tho  ovent  that  any  an*  af  the  taUewinp  events  ahall  Occur:  The  User  fails  to  make  any  payment  at  the  tint*  and  In  the  manner 
heroin  contracted  to  be  paid  and  continuae  in  dafaah  mare  than  See  (*)  dayo  after  written  notification  by  SPAN;  or.  the  User  ahall. 
Mr  more  than  five  (I)  days  after  SPAN  ahaU  have  demanded  in  wrtlin*  the  performance  thereof.  Mil  ar  refuse  to  comply  with  any 
athar  af  the  con  variant*,  agreement.  tana*.  ar  prevhUaa*  af  UUa  Agreement  on  Ha  pan  la  be  hope  and  parMrmad;  or.  a  petition  far 
reorganisation  or  dahl  adjustments  is  fUad  under  tho  Bankruptcy  Act,  ar  under  any  amendment  or  tension  thereof,  affecting  the 
ahlicatianaoftha  Uoor  under  Utte  Agreement;  or.  nap  proraadinpa  are  commenced  by  eragotnat  tho  Uaar  far  any  reltaf  under  any 
bankruptcy ,  inaol  veney  laws,  laws  relating  to  the  lohaf  of  dekeara,  re  adj  uatment*.  compositions  or  axtenstona  or  otherwise :  ar,  there 
•hall  occur  any  voluntary  or  Involuntary  aseignmaat  ar  tranaler  of  the  User'*  rights  or  interest  in  this  Agreement.  whether  under 
tho  bankruptcy  law*  or  by  tha  appotntmont  af  a  tuoaivor  or  truatoe.  or  by  any  judicial  ar  administrative  docree  or  procam  or 
otherwise:  or,  the  Uaar  ahall  mate  or  suffer  to  be  madeany  unauthorised  uaa  ar  auMaaa*  of  the  Systam:  ar.  the  Systam  ba  pladimd  er 
held  for  any  debt  or  obligation  owing  by  User,  ar  to  b>  m  any  manner  ancumbarad.  ar  shall  port  wtth  the  possession  of  the  Symom. 
SPAN  auy  dec!  am  tha  Uaor  ta  h*  in  default. 


WMSMSS  UPON  DPAULT 

In  tha  ovent  of  dofsuh  by  tha  Uaar  SPAN  ahaU  has*  the  right  to  tab*  bn  mediate  pottos  rise  of  tho  Systam.  and  the  Uaar  hereby 
waives  any  action  lor  trespass  «r  damage*  resulting  Mam  opoacoablaiupitaaMtin  of  tho  System;  and.  this  Agroowiant.  which  shall 
terminal*  upon  tha  declaration  af  dofouK,  ahall  in  naway  ba  trealad  aa  an  asset  aftha  Uoar.  and.  tho  User  ahall  remain  and  be  habie 
far  thopeymoat  of  tha  unpaid  balanco  aftha  ramalndog  Basic  Chargee  and  aB  unpaid  odditioaal  charges  far  tha  Base  Term,  and  all 
each  unpaid  ahhraliana  ar  charges  ahal  become  Immediately  duo  and  payabia  as  af  tha  date  af  said  declaration  AU  mmodiea 
•an (erred  span  VAN  under  this  Agreement  shag  hr  daamad  to  ho  enmutativ*  and  no  on*  anclnaivo  af  the  athar.  ar  any  other 
tutardy  canMrred  In  any  manner  In  equity.  SPAN  shall  bo  oatf  Had  to  receive  Mom  Uaar  all  caste  and  attorneys'  Moo  Incurrad  in 
anfaceiag  Ha  rights  hero  under.  Additionally,  SPAN  ahall  have  aU  rjghla  and  lemadiaeafMrdad  by  the  laws  aftha  Slat*  af  Arisons. 
U1A. ar  any  Jeriadlctian  in  which  the  System  way  bo  located. 

• 


IN  NO  EVENT  SMALL  PAN.  THE  OWNEt  OR  MANUFACTURES  BB  LIABLS  TO  USES  OB  ANTONS  ELSE  FOB  ANY  TOM- 
BBCT.  SPECIAL*  CONSEQUENTIAL  OB  OTMBB  BAN  ACCS.  1NCLUMNC  BriTBOUT  LIMITING  IMS  CCNXBaUTT  OP  THE 
rOBEOOINC.  DAMAGES  POB  OR  DUE  TO:  NEGLIGENCE,  PERSONAL  INJURIES.  PROPERTY  DAMAGE.  LOSS  OP  BUSINESS. 
LOU  OP  PROPITS.  LOU  OP  ANTICIPATED  PROWS.  OTHER  ECONOMIC  LOU  CUSTOMEU  OP  USER.  EMPLOTEESOF 
USER.  OR  ANT  DAMAGES  ARISING  OUT  OP.  CONNECTED  WITH,  OR  RUl'LTtNG  PROM  THE  SYSTEM.  ITS  MANUFACTURE. 
SELECTION.  DELIVERY.  POSSESSION-.  USE.  OPERATION.  NONPERFORMANCE.  DEFECTIVE  PERFORMANCE.  OR  OPER¬ 
ATION.  NO  ACTION.  REGARDLESS  OP  THE  FORM.  ARISING  OUT  OF  THE  TRANSACTIONS  UNDER  THIS  AGREEMENT  MAT 
BE  BROUGHT  IT  THE  USEE  MOBS  THAN  UN)  MONTHS  AFTO  THE  CAUU  OP  ACTION  OCCURRED. 


This  Agraamanc  ia  net  a  sal*,  bad  a  Mem  af  metal  agmeawnL  Tha  Uaar  acmes  that  thta  Agreement  seamttetaa  the  aaahe 
end  arttgndiitg  between  the  partfa*  with  mapacttgttneu  bjart  tagttarhareaf  and  that  this  Agmam  ant  aupamadat  all  pmpaaala.aaM 
ar  writ  tan.  aU  prevteua  negettauena  and  a  athar  aammunicatiana  between  tha  paitfae  with  rnapact  ta  the  anhfsct  matter  Iwm 
and  may  net  he  madtflad  athar  than  by  a  writtan  iwmrument  signed  by  all  H«bt  affected  by  oeeh  modification.  The  terms  and 
aendttiana  af  any  purr  ha  as  ardtr  ar  athar  Inatrumral  issued  by  Ueer  in  connectienwHh  Ihlt  Agreement  which  are  ht  addttfen  tear 
iaccnaictent  with  the  term*  and  ronditienaef  this  Agreement  ahall  not  be  binding  en  SPAN  er  Ke  amigneet  and  chan  nm  apply  m 
this  Agreement.  The  paragraph  headings  uaad  besom  am  inserted  far  convenience  only  and  ahall  net  ba  coetatoad  t*  limit  ar  msdify 
the  trope  af  any  premiene  efthie  Agreement.  TbM  Agmamant  (and  any  amendments  hamta)  ahall  ba  gevemod  by  tha  laws  aftha 
But*  af  Ariaana  This  AgmawMnt  ahaM  ba  bindlngopon  the  Uaar,  tta  tuecetaar*  and  aaaigna.  and  shall  M  binding  open  and  tnem  u 
tho  benefit  of  SPAN.  Ha  aoormasio  and  omigni.  Mom  the  dot*  of  aaotetlanhamsC  Changes  in  or  attachment*  I*  tho  System  Mr  tha 
Uaar  am  abaahataly  pmhlbitad.  AS  aftha  aavaimMa  and  agreement*  contained  hereto  an  aaverehl*  and  to ithn  awn  that  any  af 
them  ahaU  h*  h*M  t*  ht  In  valid  by  ear  limpemnt  assn,  UUa  Agmamant  ah*B  ha  Mtarpmtad  aa  If  enehfnoalM  oamoani  » 
agmamant  warn  net  aarttaUmd  herein.  Tima  ta  aftha  laaantt  In  UUa  AgmamanL  and  af  each  and  *B  of  tta  pravialana  PAN  may 

Mm— almaahatge  of  one  and  onwha|fpomoal(HN%)or  tho  highest  legal  mao  parmBtodhy  law,  whlehovet  lo  Iswor.poT  month  on 
any  H—pao  not  paid  whao  they  boaamo  doe.  Any  no«M«  Mom  PAM  t*  Uaar  ahaEbtaffettfvo  apart  TaMatranomtaaianar  affective 


tnaiUy'MerfSdlhaereaflrr  dapewt  bt  Unltad _  ... 

PAN  ht  wrigim-  Watvar  af  any  prwviatan  he reef  M)  PAN 
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Guidelines  for  Accurate  Inertial  Surveys * 


The  following  items  are  listed  in  general  order  of  importance  for 
obtaining  the  best  accuracy  using  the  ISS.  In  field  conditions  any  of 
these  guidelines  may  be  violated  In  a  particular  survey.  As  the  survey 
deviates  from  these  guidelines,  accuracy  will  be  somewhat  reduced,  with 
the  magnitude  dependent  upon  the  severity  of  the  deviation  and  the  number 
of  times  or  items  deviated  from. 

1.  Control  -  Positional  accuracy  of  any  survey  is  limited  to  that  of 
the  control.  The  survey  should  be  based  on  the  highest  order  control 
available,  but  also  should  be  tied  (but  not  adjusted)  to  all  reasonably 
available  control  in  the  immediate  vicinity  of  the  survey.  This  will 
provide  maximum  correlation  between  the  new  survey  and  the  basic  control 
in  the  area.  Positive  identification  and  proper  coordinates  of  all  con¬ 
trol  used  must  be  obtained. 

2.  Calibration  -  The  system  should  be  calibrated  accurately  to  local 
survey  control  of  the  highest  order  available.  The  system  should  be  re¬ 
calibrated  if  raw  closures  (before  smoothing)  fall  to  1:10,000  between 
verified  control.  Gyro  drift  should  be  checked  regularly  and  recalibrat¬ 
ed  if  it  exceeds  6  seconds  per  hour. 

3.  Linear  traverses  -  The  results  are  obtained  if  the  rate  of  change 
of  latitude  and  longitude  are  linear  with  respect  to  time.  This  sug¬ 
gests,  as  nearly  as  practical,  minimum  meander  between  terminal  control 
points  and  a  uniform  rate  of  travel.  As  a  rule  of  thumb,  the  survey 
should  stay  within  a  diamond,  the  apexes  of  which  are  the  two  control 
points  and  no  point  of  which  shall  be  offset  from  the  centerline  more 
than  1/3  of  the  distance  from  the  nearest  control  point.  Slightly  better 
results  are  obtained  if  the  offset  is  kept  to  1/12.  Zero  velocity  up¬ 
dates  should  be  performed  uniformly  with  the  same  distance  and  time  (but 
most  Importantly  time)  between  them.  There  should  be  no  delays  in  the 
survey  (see  Item  4)  nor  any  doubling  back  (to  pick  up  a  missed  point,  for 
instance)  if  at  all  possible. 

4.  Minimum  travel  time  -  The  traverses  should  be  carefully  planned 
and  reconnoitered  so  that  the  survey  can  be  run  with  a  minimum  amount  of 
travel  time  between  terminal  control  (updates);  with  no  delays  for  clos¬ 
ing  control  or  point  searches,  refueling,  operational  restrictions,  or 
personal  activities  (lunch,  break,  etc.)  that  would  make  travel  time  non¬ 
linear.  Assuming  that  operational  precision  remains  constant,  the  maxi¬ 
mum  absolute  error  Is  directly  proportional  to  the  time  and  distance  be¬ 
tween  control  points.  Therefore,  if  time  and  distance  between  control 
points  can  be  reduced,  the  absolute  error  will  normally  also  be  reduced. 

5.  Double  runs  -  Control  traverses  should  be  run  both  forward  and 
reverse  during  the  same  alignment  and  the  two  values  averaged.  The 


*From  Wickham  (7) 


remaining  coordinate  error  is  only  approximately  half  that  of  a  single 
traverse  because  of  the  systematic  nature  of  system  errors.  Two  runs  in 
the  same  direction  only  slightly  (20%)  improve  the  results. 

6.  ZUPTS  -  Zero  velocity  updates  should  be  performed  at  uniform  3  to 
5  minute  intervals.  Longer  intervals  generally  reduce  the  accuracy  at  an 
increasing  rate  with  respect  to  time.  Irregular  intervals  cause  signifi¬ 
cant  reduction  of  accuracy.  In  a  helicopter  operation,  landed  ZUPTS  are 
preferred  to  hovered  ZUPTS  whenever  possible.  When  hovered  ZUPTS  must  be 
used,  it  is  best  to  follow  them  by  landed  ZUPTS  as  soon  as  practical. 
Hovers  should  be  performed  as  low  as  possible,  and  avoided  during  gusty 
wind  conditions.  A  stabilized  or  ground  hover  improves  results. 

7.  Alignment  -  The  vehicle  should  not  be  subjected  to  any  movement 
during  alignment.  Parking  on  mud,  snow  or  other  yielding  surfaces  should 
be  avoided  or  if  impossible  to  avoid,  the  vehicle  should  be  parked  in  its 
final  position  several  hours  in  advance  of  beginning  the  alignment.  Wind 
effects  should  be  minimized.  Park  away  from  heavy  traffic  with  the  ve¬ 
hicle  oriented  parallel  to  the  wind  or  protected.  Helicopter  blades 
should  be  tied  down  at  all  blade  tips. 

8.  Helicopter  pilots  -  The  helicopter  pilot  must  be  well-trained  to 
obtain  maximum  efficiency  and  accuracy.  He  must  be  able  to  place  the 
helicopter  accurately  and  quickly  at  the  desired  location  under  all  con¬ 
ditions  to  be  expected.  During  hover  operations,  the  minimum  computer 
tolerance  for  repeatability  that  the  pilot's  skill  and  the  conditions 
will  permit  should  be  used. 

9.  Pre-Survey  -  The  system  should  be  warmed  up  for  20-30  minutes 
prior  to  starting  on  alignment.  Before  starting  the  day's  survey  opera¬ 
tions,  one  or  two  short  traverses  should  be  run  between  two  valid  control 
points.  These  may  be  as  short  as  a  mile  or  two  in  length  and  15  minutes 
in  time  and  serve  the  purpose  of  providing  data  on  which  the  Kalman  fil¬ 
ter  can  base  future  adjustment  and  corrections  to  the  system. 

10.  Stable  ZUPTS  -  The  vehicle  should  be  stable  during  zero  velocity 
updates.  This  Is  particularly  true  of  the  first  10  seconds  of  the  ZUPT 
period.  Do  not  get  in  or  out  of  the  vehicle  during  this  period.  Heli¬ 
copters  with  floats,  articulated  landing  struts  or  excessive  vibration 
are  usually  unsatisfactory. 

11.  Minimum  travel  distance  -  The  distance  between  points  should  be 
the  shortest  available  and  the  most  direct  route  should  be  used. 

12.  Gravity  anomalies  -  Large  changes  in  gravity  between  ZUPTS 
should  be  avoided  if  possible.  The  system  gives  an  automatic  warning  if 
a  change  of  more  than  16  milllgals  occurs  between  ZUPTS  and  the  ZUPT 
period  Is  extended  automatically  to  compensate.  If  large  gravity  gradi¬ 
ent  changes  are  anticipated,  zero  velocity  updates  should  be  at  shorter 
intervals  with  1-1/2  to  2  minutes  found  to  handle  all  gradients  experi¬ 
enced  to  date. 


>«►. 


13.  Smooth  travel  -  All  travel  should  be  accomplished  in  as  smooth  a 
manner  as  practical,  avoiding  chuckholes,  wash  boards,  rough  sudden 
stops,  unnecessary  direction  changes  and  any  other  extreme  accelerations. 

14.  Time  distance  limit  -  Traverses  should  not  exceed  600  mile  hours 
(distance  travelled  times  time  travelled)  without  special  procedures  be¬ 
cause  of  IPE  and  IPN  overflow. 

15.  Adjacent  points  -  Points  less  than  500  feet  apart  should  normal¬ 
ly  be  set  with  an  offset  device  for  best  relative  accuracy.  Closely 
spaced  points  (1  mile  or  less)  should  be  included  in  the  same  traverse, 
or  adjacent  points  in  different  traverses  should  be  tied  together  with 
cross  flights.  Whenever  practical,  surveys  should  oe  adjusted  using  a 
least  squares  grid  adjustment. 

Following  the  guidelines  presented  above  produced  accuracies  in  ex¬ 
cess  of  1:70,000  +  10cm  ( 1 cr )  relative  to  the  nearest  control.  Accuracy 
of  this  level  is  necessary  only  for  first  order  control  or  a  few  other 
projects.  For  most  projects,  accuracy  of  1:10,000  +  10cm  (1<r)  is  more 
than  adequate  and  has  consistently  been  obtained  with  a  well -calibrated 
ISS  system  in  real  time  without  smoothing.  Therefore,  adherence  to  the 
restrictions  listed  above  and  in  the  published  literature  (such  as 
straight  line  traverses)  is  not  absolutely  necessary  for  most  projects 
other  than  high  order  control. 
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Appendix  D 


Field  Preparation  for  an  Ine> tlal  purvey* 

The  user's  surveyor  must  make  the  following  preparations  prior  to  the 
execution  of  an  inertial  survey. 

1.  Research  all  the  available  control  stations  in  the  immediate  area  of 
the  positions  to  be  suceyed. 

2.  Identify  a1!  stations  and  assess  their  potential  use  as  a  helicopter 
landing  site.  Power  lines,  buildings,  walls,  etc.,  directly  inhibit  safe 
flight.  Air  traffic  routes  must  be  given  consideration  when  operating  in 
the  vicinity  of  an  airport. 

3.  At  many  stations  it  will  be  necassary  to  obtain  permission  to  land. 
Contact  the  owners,  public  or  private,  prior  to  using  the  station.  Per¬ 
mission  will  usually  be  granted  onr.e  the  helicopter  operation  is  ex¬ 
plained. 

4.  Clear  all  debris  from  the  landing  area  and  prepare  the  site  so  the 
helicopter  may  rest  firmly  on  the  ground. 

5.  For  those  stations  without  clear  access  for  landing  or  takeoff, 
establish  an  offset  to  a  more  suitable  point.  Precomputation  of  the 
points'  geographic  coordinates  is  always  desirable  and  sometimes  abso¬ 
lutely  necessary  when  used  as  an  endpoint. 

6.  Target  or  flag  all  landing  sites  to  be  visible  from  the  air. 

7.  Prepare  a  sketch  of  each  site  and  identify  any  prominent  landmarks 
for  the  pilot. 

8.  List  the  stations  and  their  approximate  coordinates  in  the  order  the 
traverse  will  be  flown.  This  list  greatly  simplifies  the  task  of  the 
pilot  and  ISS  operator. 

9.  Perform  an  aerial  reconnaissance  of  the  area,  preferably  with  the 
pilot,  a  short  time  before  conducting  the  survey.  This  is  to  insure  that 
all  flagging  is  intact  while  also  acquainting  the  pilot  with  the  flight 
routine.  Avoiding  confusion  at  the  time  of  the  survey  is  essential  for 
efficient  use  of  the  system  rental  time. 


*From  Penney  (2) 


